Trigeneration systems include those processes of production and simultaneous use of electricity, heat and cold, from a single fuel source. The simultaneous use of energy allows obtaining high levels of overall energy efficiency, lower emissions, security of supply, as well as lower losses and investments in networks. The context of implementation of trigeneration ranges from low voltage distributed generation to the electric microgrid prototypes currently under research. In this last environment, the work is mainly focused in the following power generation technologies: Fuel Cells, Microturbines, Stirling Engines, Small Wind Turbines, and Photovoltaic plants. This paper focuses on those research proposals that are currently being developed using fuel cells as base technology for trigeneration. The paper presents the different subsystems that are part of these power generation systems, as well as their most important characteristics and applications.
Introduction
Within the context of distributed generation, microgrids rely on emerging technologies, such as fuel cells, gas microturbines, Stirling engines, as well as technologies that make use of local renewable resources. On the other hand, a growing deployment of a variety of technologies that allow the effective use of waste heat for power generation is being noticed. This involves increasing the overall efficiency of the systems and a reduction in the costs of implementation [1] . Table 1 highlights the most relevant properties of the emerging power generation technologies. These are the technologies being considered in the implementation of microgrids [2] . In this field, cogeneration is the most outstanding technique for simultaneous production of electricity and heat [1] . If, in addition, a process requires of cooling levels below the ambient temperature (cold air, cold water or ice), and the cooling is produced from the same energy source, then, the generation process is called trigeneration. This cooling can be done through processes of absorption or adsorption.
Besides, trigeneration presents several advantages, being the most relevant:
• An increase in the equivalent electrical efficiency of the cogeneration plant, due to a better use of waste heat.
• A smooth operation of the plant over the year, as an increase in the demand for cooling often coincides with a reduction in the demand for heating.
• An improvement of the environmental conditions, avoiding the use of CFSs and HCFCs by using natural refrigerants. Figure 1 shows the process diagram of a trigeneration system used for a high electrical efficiency energy system.
In this context, one of the technologies that has the best performance for being integrated into a trigeneration system is the fuel cell. Systems based on this technology turn, on a continuous and direct way, the energy of a chemical reaction into electrical energy, heat and water. Its modular design, low noise and emission levels, flexibility of operation and high efficiency relatively independent of the load, means that these devices are very versatile. Its main practical applications range from bulk production of electricity and heat to its use in sectors such as aerospace, maritime or surface transport and portable devices. 
Fuel cell technologies
Fuel cells are classified, mainly, based on two aspects: the kind of electrolyte used and the operating temperature. With regard to this last point, we will highlight the MCFC and SOFC technology, as types of high temperature (65ºC to 1050°C) and PEMFC, DMFC, AFC and Membrane PAFC, as types of low temperature (60ºC to 250°C).
As an example, figure 2 shows a typical PEM fuel cell (low temperature), in which the reactants fed to the anode and cathode. The electrolyte separates the electrodes and allows the conduction of positive charges. The electric circuit is completed externally through a load. As a byproduct, these devices generate thermal energy. The quality of this thermal energy depends on type of fuel cell. Fuel cells develop electrochemical exothermic reactions, so the combined use of electricity and heat gives them a high overall efficiency, around 85% [3] . This thermal energy can be used for many purposes: within the fuel cell system, transferred outside to meet the demand of heating or cooling processes or released to the surrounding area without any application. In order to optimize the efficiency of these devices, research is being developed for the use of the thermal energy in water and air conditioning in homes, services and industrial facilities.
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With the aim of releasing the heat produced by the electrochemical reaction, each certain number of cells is separated by a device, called refrigerator plate. The objective of these refrigerator plates is carried out exchanging heat to the coolant medium which is normally water. In this sense, there is a wide potential for the integration of cooling by absorption, activated by hot water or directly by the exhaust gases. An appropriate strategy consists on using the absorption equipment to accumulate cold when there is not enough demand of heat.
Low temperature fuel cells systems are cooled by air or by a liquid flowing through them. In addition, using a coolant, typically deionised water, it is easier to transfer thermal energy in a cogeneration process, either for space heating or for hot water.
In high temperature fuel cell systems, as the MCFC and SOFC technology, thermal energy is available with sufficient temperature to drive the external or internal fuel reformer. The heat from the exhaust gases can be used to preheat the incoming air. Once the heat needs of fuel cell are satisfied, thermal energy can be used to provide steam or hot water for cogeneration in a heat recovery boiler [4] . Also, in these high temperature fuel cells, since the quality of the thermal energy of the exhaust gases is high, additional production of electricity can be obtained by means of gas microturbines, forming a hybrid model.
In Table 2 , the technical and economic characteristics of different fuel cell technologies are shown, in relation to power generation [5] . Water/ammonia systems are used for the production of cold at low temperatures (up to -60 ºC), and require a heat source from 100 ºC to 120 ºC for simple effect absorption systems. Systems based on water/lithium bromide are used for air conditioning or for cooling processes, in which the temperature is between 5 ºC and 10 °C. Figure 3 shows the block diagram corresponding to an absorption cooling system of simple effect [6] . Next, the operation of the absorption cycle shown in figure 3 is explained. The coolant vapour at low pressure and temperature coming from the evaporator is absorbed exothermically in the absorber, by means of a dilution composed by the coolant and one or more substances that act as absorbent. The dilution formed, rich in coolant, is pumped to the generator which works to the same pressure that the condenser. There, applying thermal energy, the vapour previously absorbed is recovered. The remaining dilution, poor in coolant, closes the cycle returning to the absorber, while the coolant returns through the condenser and the evaporator.
Thermal Efficiency is measured in terms of cooling output over heat input. This relation is named Coefficient of Performance, COP. The coefficient of performance is usually used for the evaluation of the heat pumps, including the absorption cycles. The COP of an absorption system in its cooling/heating modes can be obtained by means of equations (1) and (2), respectively.
Moreover, the temperature to which the vapour should be given to feed the absorption unit depends on the coolant available and the cooling temperature to achieve. Figure  4 shows the COP of a process with NH 3 , of simple effect absorption, depending on the evaporation temperature and the temperature ranges of the coolant water indicated by the colour bands [7] . Table 3 highlights a summary of the most important properties of absorption cooling systems. The efficiency of the cogeneration plants measured through the EEE (Equivalent Electrical Efficiency), for cold production (trigeneration), is evaluated in different ways in different countries. These differences are due to different criteria when considering the transformation of cold into primary energy. The efficiency can be obtained from expression (3) .
Where, EEE is the Equivalent Electrical Efficiency, E is the electricity prodcued, Q is the consumption of primary energy measured by the fuel´s LHV and V is the heat energy obtained from cogeneration and used to meet the thermal demand.
The simplest form of assessment is to consider that the cold is obtained in an absorption machine which uses the heat produced in a cogeneration plant. In this sense, the Directive indicates that the heat is useful when it is economically justifiable (it has a fair price) and, in case of not being produced with this plant, an alternative system should be used. This system would be fundamentally the compression chiller, in the case of cold production.
If the heat is useful, for the purpose of the European Directive, the trigeneration plant can be evaluated as a cogeneration plant, considering all the heat used in producing cold. The evaluation will be carried out using Annexes II and III of the European Directive. The heat used in the generation of cold can be considered useful if the following conditions are met [8] :
• In the generation of cold for air conditioning (5÷7 ºC) is useful:
-All the heat used in simple effect machines, whenever this heat has a temperature lower than 120 ºC. -All the heat used in double effect machines, whenever their temperature is lower than 180 ºC.
• In the generation of industrial cold, for cooling levels up to -50 ºC, is useful all the heat consumed in absorption machines, whenever the temperature is lower than 180 ºC.
Trigeneration systems with fuel cells
The development of fuel cell technologies is creating great opportunities for research in the area of the power generation. As an example, figure 5 shows the different subsystems that integrate a PEM fuel cell system. In this system, the residual heat allows to have hot water with temperatures that usually oscillate in the range of 80 ºC. This temperature is enough to trigger absorption cooling cycles.
This section presents some of the systems proposed for trigeneration using fuel cells. The idea is to obtain high levels of overall efficiency in terms of energy. These proposals are still in research stage. 
A. Trigeneration with PEMFC
Around 25% of primary energy consumption in some countries is intended for heating places and hot water supply. As the temperature levels necessary to meet these demands are relatively low, PEMFC technology becomes the most appropriate. Figure 6 shows the PEMFC technology working in trigeneration mode [9] . Simulation software has been developed to determine the optimum operation of the air conditioning system during the process of trigeneration. A PEMFC of 1 kW has been considered, with an electric efficiency of 40% and a thermal efficiency of 30%, working at full load. The results obtained have shown that it is feasible to use this technology in poligeneration processes, showing that the generation system operates in a very appropriate way with temperatures of the generator between 60 and 65 ºC. This temperature is compatible with the temperature of the heat liberated by the PEMFC, which usually is located in the range of 80 ºC. The COP varies between 0,44 and 0,57, for evaporation temperatures of 5 to 10 ºC, respectively.
B. Trigeneration with PAFC
This subsection presents the use of PAFC technology to operate the air conditioning in a facility located in Kuwait [10] . In this country, air conditioning machines consume more than 75% of the electricity generated at peak load time. Figure 7 shows the configuration adopted by the absorption cooling system, using PAFC technology. This system has a capacity of 200 kW of rated power and produces 105 kW of thermal power at 120 °C and 100 kW at 60 °C. The system uses water/lithium bromide as working pair, and has an electrical efficiency of 45% at full load and a thermal efficiency of 35%. Figure 8 shows the technology MCFC integrated in a cooling system by absorption [11] . This cooling system with a MC fuel cell has shown results of electric efficiency of 42,27% and thermal efficiency of 44,21%. Therefore, a global efficiency in the use of the fuel of 86,48% can be obtained.
C. Trigeneration with MCFC
Trigeneration with SOFC
This subsection presents the SOFC technology used to obtain air conditioning or hot water in buildings. The system uses water/lithium bromide as working pair, in an absorption cooling cycle. The results show that this combination of technologies presents major technical and environmental advantages [12] . Figure 9 shows the configuration adopted with the SOFC technology, considering both, electric and thermal power generation. (1) and (2)). Besides, the electric efficiency of the system is 43,3%, the thermal efficiency in heating is 43,7%, the thermal efficiency in cooling is 52,6% and the thermal efficiency in hot water production is 46,7%. This performance provides results of global efficiency in the three operation modes, up to 87,95%, 95,9% and 90%, respectively.
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Conclusions
This paper has presented the most outstanding characteristics in trigeneration processes. This generation modality allows reaching high levels of global efficiency in the use of the fuel, by means of the use of the residual heat coming from the exothermic reaction of fuel cells.
In this context, it is noteworthy that the air conditioning (heating in winter and air conditioning in summer) is a consumer of energy of the first order in many countries. In spite of the high efficiency of the mechanical compression devices for cooling, the required total power and its concentration in certain time ranges outlines important problems of capacity and regulation in the power system. These problems can influence the stability of supply and the price of energy in peak hours. In order to overcome these problems, it is interesting to introduce cooling techniques fed by heat instead of electric power. Especially interesting are the systems able to use heat sources of low temperature (lower than 100 ºC), that is to say, able to take advantage of the residual heats of industrial origin or produced in cogeneration facilities.
In relation to the industrial processes that require heat, they are classified by the temperature level of the heat required. Thus, the following classification can be made:
-Processes of low temperature, lower than 100 ºC: heating or cooling places, hot water and agricultural production. -Processes to half temperature, between 100 -300 ºC:
textile industries, sugar factories and some chemical industries. In these processes the heat is usually given as vapour. -Processes of high temperature, between 300 -700 ºC: some chemical industries.
Thus, taking into account the thermal characteristics of fuel cells, this classification process can be served by one of the different fuel cell technologies (PEMFC, PAFC, MCFC and SOFC).
Finally, from the point of view of the operation of the electrical system, fuel cells can operate in two ways: constant power or load following. In this regard, it should be noted that high temperature fuel cells conform more to the first mode of operation, while low temperature fuel cells are more suitable for the second mode, due to lower start up times.
